signal transduction receptor. A null allele polymorphism in SIGLEC14 may attenuate the inflammatory responses to NTHi by eliminating Siglec-14 expression. We asked if the loss of Siglec-14 attenuates the inflammatory response by myeloid cells against NTHi, and if the SIGLEC14-null polymorphism has any effect on COPD exacerbation. We found that NTHi interacts with Siglec-14 to enhance proinflammatory cytokine production in a tissue culture model. Inhibitors of the Syk tyrosine kinase suppress this response. Loss of Siglec-14, due to SIGLEC14-null allele homozygosity, is associated with a reduced risk of COPD exacerbation in a Japanese patient population. Taken together, Siglec-14 and its downstream signaling pathway facilitate the "infection-inflammation-exacerbation" axis of COPD disease Abstract Chronic obstructive pulmonary disease (COPD) is a leading cause of mortality worldwide. COPD exacerbation, or episodic worsening of symptoms, often results in hospitalization and increased mortality rates. Airway infections by new bacterial strains, such as nontypeable Haemophilus influenzae (NTHi), are a major cause of COPD exacerbation. NTHi express lipooligosaccharides that contain sialic acids, and may interact with Siglec-14, a sialic acid recognition protein on myeloid cells that serves as an activating T. Angata and T. Ishii contributed equally to this work.
Introduction
Chronic obstructive pulmonary disease (COPD) is characterized by airflow limitation that is not fully reversible [1] , and is projected to be the third leading cause of mortality in the world by 2030 [2] . Stable COPD is managed by a combination of pharmaceutical treatments, smoking cessation, and pulmonary rehabilitation. However, COPD exacerbation often results in hospitalization and increased patient mortality, and therefore account for a major proportion of the clinical and socioeconomic burden of the disease [3] [4] [5] . Acquisition of new bacterial strains that colonize airways often trigger COPD exacerbation, which in turn leads to disease progression [6, 7] . While vaccination can reduce the risk of certain infectious triggers, treatment options for exacerbations are limited, and thus new therapies would be of great value [8] .
Studies of genetic polymorphisms and disease susceptibility often yield clues to new treatment approaches [9, 10] . While there are many reports correlating genetic polymorphisms and COPD susceptibility [11] [12] [13] [14] [15] , those examining exacerbations are more limited [16] [17] [18] [19] [20] . A recent study has shown that a subgroup of patients appears to be particularly susceptible to exacerbation, and that this frequent-exacerbation phenotype is relatively stable [21] , suggesting the presence of contributing genetic factor(s). Given that bacterial airway infections play a major role in COPD exacerbation [6, 7] , one potentially fruitful avenue is to explore correlations between COPD exacerbations and genetic polymorphisms of proteins involved in bacterial recognition.
Nontypeable Haemophilus influenzae (NTHi), a Gramnegative bacterial pathogen considered a major cause of COPD exacerbation [6] , expresses lipooligosaccharides that contain sialic acids [22, 23] . Sialic acids are acidic sugars commonly found on terminal positions of vertebrate glycans, but only occasionally in pathogenic bacteria [24] . Siglecs are a family of sialic acid-binding lectins expressed mainly on innate immune cells [25, 26] . Siglec-14, a family member with an activating signaling property, is expressed on granulocytes and monocytes, while Siglec-5, an inhibitory counterpart with extensive sequence identity to Siglec-14 (over 250 amino acids at the N-terminus), is found on granulocytes and B-lymphocytes [27, 28] . In humans, the ancestral (wildtype) SIGLEC gene cluster has both SIGLEC14 and SIGLEC5 genes in tandem, while a derived (SIGLEC14-null) allele harbors a single SIGLEC14/5 fusion gene. The product of this fusion gene is identical to that of the wildtype SIGLEC5 gene at the amino acid level [28] . We speculated that loss of Siglec-14 could result in attenuated immune responses against pathogenic bacteria that express sialic acids [28] . However, this possibility has not been formally tested.
In this work, we asked if Siglec-14 expression would alter the inflammatory response of myeloid cells elicited by NTHi, and if the SIGLEC14-null polymorphism is associated with altered risk of COPD exacerbation. We demonstrated that NTHi interacts with Siglec-14 to enhance production of proinflammatory cytokines in a tissue culture model, and that the loss of Siglec-14, due to SIGLEC14-null allele homozygosity, is associated with reduced risk of COPD exacerbation. Based on these findings, we propose that Siglec-14 and its downstream signaling pathway may contain promising targets for therapeutic intervention.
Materials and methods

Study subjects
Healthy volunteers were recruited at the University of California, San Diego, for Siglec expression analysis. Protocols for sample collection, genotyping, and related analyses were approved by the Institutional Review Board (IRB) at the University. Written informed consent was obtained from each donor.
For the analysis of correlations between SIGLEC14 genotype and clinical phenotypes, outpatients who visited the Respiratory Care Clinic, Nippon Medical School, and had a diagnosis of COPD according to the global initiative for chronic obstructive lung disease (GOLD) criteria [1] were invited to participate in the study. The patients were current or ex-smokers with current symptoms compatible with COPD (e.g., dyspnea during exertion, prolonged coughing, or sputum) and air-flow limitation assessed by a pulmonary function test (post-bronchodilator forced expiratory volume in 1 s/forced vital capacity, FEV1/FVC, <70 %). Protocols for sample collection, genotyping, and related analyses were approved by the IRB at Nippon Medical School. Written informed consent was obtained from each donor.
Genotyping
Genotyping of the SIGLEC14 locus was performed as described previously [28] . In brief, a set of three PCR reactions, specifically amplifying (1) SIGLEC14, (2) SIGLEC5, and (3) SIGLEC14/5 fusion genes, were run in parallel using genomic DNA from each donor as template. Primer sequences and PCR conditions are provided in the Electronic supplementary material. The genotype of each donor was determined based on the patterns of amplification: genomic DNA from homozygous wildtype individuals yields products in reactions 1 and 2 but not in reaction 3 (+/+/−); that from heterozygous individuals yields products in all three reactions (+/+/+); and that from homozygous null individuals yields product only in reaction (3) (−/−/+).
Siglec expression analysis
Peripheral blood leukocytes were collected from healthy volunteers at the University of California, San Diego. Leukocytes were prepared by erythrocyte lysis using ACK lysing buffer, and stained with allophycocyanin-labeled anti-Siglec-5/14 antibody (FAB10721A) or control antibody (IC002A; both R&D Systems, Minneapolis, MN) and AlexaFluor488-labeled anti-CD19 antibody (557697; BD Biosciences Pharmingen, San Diego, CA), and analyzed with a flow cytometer (FACSCalibur; BD Biosciences Immunocytometry Systems, San Jose, CA).
NTHi binding to Siglecs
NTHi (strain 2019) cultured in minimal medium not supplemented or supplemented with N-acetylneuraminic acid (0.5 mM) was prepared as described previously [29, 30] , heat-killed, and stored frozen until use. The bacteria (1.5 × 10 9 CFU) were labeled with fluorescein isothiocyanate (50 μg/ml in Dulbecco's phosphate-buffered saline, D-PBS) for 2 h at room temperature, washed, and suspended in 3 ml of assay buffer (1 % bovine serum albumin, BSA, in D-PBS). Recombinant Siglec-Fc fusion proteins were prepared as described previously [27] . A 96-well plate was coated overnight with protein A (0.5 μg/well in 50 mM sodium bicarbonate buffer, pH 9.5) at 4 °C. Subsequent incubations were carried out at room temperature. The protein A-coated plate was blocked with assay buffer, incubated with Siglec-Fc (0.5 μg/well in assay buffer) for 2 h, washed, and incubated with 100 μl (5 × 10 7 CFU) per well of labeled NTHi for 2 h. The wells were washed, and fluorescence was measured with a fluorescent microplate reader (excitation 490 nm, emission 530 nm; MTP-650FA, Corona Electrics, Hitachinaka, Japan).
Assays for NTHi-induced proinflammatory cytokine responses
The THP-1 sublines expressing Siglec-5 or Siglec-14 were prepared as described previously [27] . The subline expressing both Siglec-5 and Siglec-14 was prepared by retroviral transduction of a Siglec-14 + subline with Siglec-5/pMSCVpuro packaged using the PLAT-A cell line [31] . The THP-1 sublines (1 × 10 6 /ml, 0.5 ml/well of 24-well plate) in Macrophage-SFM (Life Technologies, Carlsbad, CA) were mixed with 5 × 10 6 CFU of heat-killed NTHi (multiplicity of infection 10) and incubated for 24 h. Commercial enzyme-linked immunosorbent assay (ELISA) kits were used to quantify TNF-α (human TNF-alpha Quantikine HS ELISA kit; R&D Systems, Minneapolis, MN) and IL-8 (BD OptEIA human IL-8 ELISA set; BD Biosciences Pharmingen, San Diego, CA) in the culture supernatant.
In experiments investigating Syk inhibitors, the cells were preincubated with the inhibitors R406 (Selleck Chemicals, Houston, TX) or BAY61-3606 (Merck KGaA, Darmstadt, Germany) at various concentrations for 2 h before adding NTHi.
COPD patient populations
Outpatients who visited the Respiratory Care Clinic in November 2008 and had a diagnosis of COPD according to the GOLD criteria [1] were invited to participate in this longitudinal study. All subjects with obvious other pulmonary comorbidities were excluded. Written informed consent was obtained from each patient. Enrolled patients were carefully interviewed about the frequency of exacerbations every month for 1 year. We defined exacerbation in the following two ways: (1) using the classic definition of Anthonisen et al. [32] , to determine the frequency of relatively severe exacerbations; and (2) using the new definition of Rodriguez-Roisin [33] , to determine the frequency of mild and severe exacerbations.
Paired serum samples were collected from 21 COPD patients (age 71.0 ± 8.2 years; 19 men and 2 women; including six current smokers) seen both during a stable state and during exacerbations. A stable state was 8 weeks free from an exacerbation by the criteria of Anthonisen et al. [32] . Exacerbation sampling was only performed in patients who had not received prior oral corticosteroids and/or antibiotics.
Pulmonary function parameters
Post-bronchodilator FEV1, carbon monoxide-diffusing capacity (diffusing capacity divided by alveolar volume), vital capacity (VC), and FVC were measured according to the American Thoracic Society guidelines [34] using equipment for lung function testing (CHESTAC; CHEST Co., Tokyo, Japan). We used the reference values for post-bronchodilator FEV1 and VC specified by the Japanese Respiratory Society [35] .
High-resolution computed tomography parameters
The percentage low attenuation area (LAA %) reflects the severity of emphysema. We performed helical high-resolution computed tomography scans at 1.25 mm collimation, 0.8 s scan time (rotation time), 120 kV and 100-600 mA with a LightSpeed Pro16 CT scanner (GE Company, Tokyo, Japan). LAA % was calculated as described previously [36] [37] [38] .
Enzyme-linked immunosorbent assay for soluble Siglec-14 A mouse monoclonal antibody against human Siglec-14 (clone 40-1) was raised as described previously [28] , and was provided by the National Institute of Advanced Industrial Science and Technology (Tsukuba, Ibaraki, Japan). Antibody (1 mg) was labeled with biotin using a commercial kit (biotin protein labeling kit; Roche Applied Science, Mannheim, Germany). All of the following procedures were carried out at room temperature. A 96-well plate was coated overnight with anti-Siglec-5/14 antibody (clone 194128; R&D Systems, Minneapolis, MN; 1 μg/ml in D-PBS, 100 μl/well), washed three times with 400 μl wash buffer (0.05 % Tween 20 in D-PBS) per well, blocked with 300 μl/well of assay buffer (1 % BSA in D-PBS) for 1 h, and washed three times. Serum samples (diluted 20times with assay buffer) were added to the prepared wells and incubated for 2 h, and removed by aspiration. Wells were washed three times, incubated with biotinylated antibody against Siglec-14 for 2 h (0.5 μg/ml in assay buffer, 100 μl/ well), washed, further incubated with streptavidin-conjugated horseradish peroxidase for 20 min (RPN1231V; GE Healthcare, Piscataway, NJ; diluted 1:1,000 in assay buffer, 100 μl/well), and washed. Finally, peroxidase substrate (SureBlue Reserve TMB 1-Component Microwell Peroxidase Substrate; Kirkegaard and Perry Laboratories, Gaithersburg, MD; 0.1 ml/well) was added to the wells and incubated for 15 min, and color development was stopped by adding 0.1 ml/well 1 N HCl. Absorbance at 450 nm was measured using a Model 680 microplate reader (Bio-Rad, Hercules, CA).
Statistical analyses
Statistical analyses of in vitro assays were performed using GraphPad Prism 4 (GraphPad Software, La Jolla, CA). Values were compared between two groups using an unpaired t test (or by a paired t test for paired samples), and those among three or more groups were compared by analysis of variance (ANOVA) followed by appropriate post-tests (as specified in the figure legends). Statistical analyses on patients were performed using JMP Genomics software version 5.1 (SAS Institute, Cary, NC). The effect of the SIGLEC14 genotype on the incidence of bacterial exacerbation was analyzed by logistic regression, and that on the frequency of all exacerbations was analyzed by a Poisson regression with additive models on the wildtype (SIGLEC14-positive) allele. The generalized linear models that maximized the likelihood, and thus fit best, were considered appropriate. Age and gender were used as covariates, and smoking status, usage of inhaled corticosteroid, and post-bronchodilator FEV1 % predicted were also used as covariates when appropriate. Since separation can occur with relatively small datasets with many covariates, Firth's bias reduction was applied to the regression [39] .
Results
SIGLEC14 genotype determines Siglec-5 and Siglec-14 expression on monocytes
We have previously reported that while Siglec-14 (activating-type signal transduction molecule) is expressed on granulocytes and monocytes, Siglec-5 (inhibitory counterpart) is found on granulocytes and B-lymphocytes [28] (Electronic supplementary material, Fig. 1a ). In humans, the ancestral (wildtype) SIGLEC gene cluster has both SIGLEC14 and SIGLEC5 genes in tandem, while a derived Fig. 1c ).
NTHi binds to Siglec-14 in both a sialic acid-dependent manner and a sialic acid-independent manner Some Siglec family members (e.g., Siglec-9) interact with pathogenic bacteria that express sialic acids [40] [41] [42] . To assess if Siglecs on myeloid cells interact with NTHi, a major cause of COPD exacerbation [6] , we evaluated binding of fluorescein-labeled NTHi to recombinant Siglec. NTHi bound to Siglec-14 and Siglec-5 in both a sialic aciddependent and a sialic acid-independent manner, but exhibited only sialic acid-dependent binding to Siglec-9 (Fig. 2a) .
No appreciable binding of NTHi to Siglec-3 or TREM1 (used as a negative control) was observed. The presence of a sialic acid-independent interaction between NTHi and Siglec-14 was confirmed by the binding of NTHi to the Arg 119 → Ala mutant of Siglec-14 (Siglec-14 R119A), which cannot recognize sialic acids [28] (Fig. 2b) .
Siglec-14 enhances proinflammatory cytokine responses elicited by NTHi
Since monocytes and macrophages are thought to play pivotal roles in COPD exacerbation [43, 44] , we next evaluated the effect of Siglec-14 and Siglec-5 expression on monocytes, using as a model the THP-1 human monoblastoid cell line that expresses very low levels of endogenous Siglec-14 and Siglec-5. We introduced cDNAs for Siglec-14 and/or Siglec-5 and selected separate Siglec-14 cytokines with an established connection to COPD exacerbation [45] (Fig. 2c, d) (Fig. 2e, f) .
SIGLEC14-null allele is associated with reduced risk of COPD exacerbation
Based on these data, we hypothesized that the SIGLEC14 genotype may influence the occurrence of COPD exacerbations secondary to NTHi infection. To evaluate this hypothesis, we genotyped 135 Japanese COPD patients with a 1-year follow-up record for exacerbations (Table 1) . We defined exacerbation in the following two ways: (1) using the classic definition of Anthonisen et al. [32] , to determine the incidence of exacerbations putatively caused by bacterial infection; and (2) using the new definition of RodriguezRoisin [33] , to determine the frequency of all exacerbations. We found that SIGLEC14 gene dosage was correlated positively with the incidence of bacterial exacerbations and the frequency of all exacerbations (p = 0.0015 and 0.0002, respectively; Fig. 3a, b) . Since smoking cessation, milder airflow limitation (post-bronchodilator FEV1 % predicted), and medication (inhaled corticosteroid) have each been reported to reduce the rate of COPD exacerbations [21, 46, 47] , we repeated the same analyses with adjustment for each factor. Once again, we identified a significant association between SIGLEC14 gene dosage and the incidence of bacterial exacerbations and the frequency of all exacerbations (p = 0.0034 and 0.0044, respectively).
Possible correlation between SIGLEC14 genotype and airflow limitation
We also found a negative correlation between the number of wildtype (SIGLEC14-positive) alleles and post-bronchodilator FEV1 % (p = 0.0249; Fig. 3c ). This correlation was significant (p = 0.0322) even after correcting for age, gender, and smoking history (pack-years) as covariates. These findings imply that more frequent exacerbations in homozygous wildtype and heterozygous individuals would lead to more severe airflow limitation. Taken together, these findings support the hypothesis that infection-induced exacerbation leads to faster reduction in lung function in individuals expressing Siglec-14.
Serum concentration of soluble Siglec-14 is associated with SIGLEC14 genotype and susceptibility to COPD exacerbation We next examined if soluble circulating Siglec-14 can be used as a marker for COPD exacerbations. To this end, we developed a sandwich ELISA that detects Siglec-14 but not Siglec-5 (Fig. 4a) , and applied this assay for quantitative measurement of soluble Siglec-14 in matched serum samples of COPD patients before and during exacerbations. The amount of serum Siglec-14 was correlated with the number (n = 0, 1 or 2) of wildtype alleles (p < 0.0001; Fig. 4b ). However, we did not observe consistent changes in the concentration of serum Siglec-14 between serum samples collected before and Inhibitor concentration (µM) * * * * * * * * * * * * * * * * * * * * * * * * * * * * Fig. 2 Influence of Siglec-14 and Siglec-5 expression on inflammatory responses. Thus, measurement of Siglec-14 serum concentration may be used as a surrogate for SIGLEC14 genotyping to evaluate susceptibility to COPD exacerbations. Moreover, there was a positive correlation between Siglec-14 serum concentrations and exacerbation frequency (using the definition of Rodriguez-Roisin) among homozygous wildtype and heterozygous individuals (analyzed by Poisson regression using a generalized linear model), even after SIGLEC14 gene dosage (n = 1 or 2) was included as a covariate (p = 0.0002). In addition, there was a negative correlation between serum Siglec-14 concentrations and post-bronchodilator FEV1 % (p = 0.0402; Fig. 4e ). These results suggest that Siglec-14 serum concentration may be a useful predictor of COPD exacerbation susceptibility and consequential decline in pulmonary function.
Discussion
We demonstrated that Siglec-14 interacts with NTHi and enhances proinflammatory responses of immune cells in a tissue culture model, and that COPD patients with wildtype (SIGLEC14-positive) alleles suffer more frequent exacerbations than homozygous SIGLEC14-null patients. A possible mechanism behind this genotype-phenotype correlation can be summarized as follows (Fig. 5 ): myeloid cells of COPD patients expressing Siglec-14 respond to airway infection by NTHi more strongly and produce larger amounts of proinflammatory cytokines, which recruit inflammatory cells, eventually leading to COPD exacerbation. An additional factor may be the expression of SIGLEC14/5 fusion gene product (identical to Siglec-5 in amino acid sequence) on monocytes of SIGLEC14-null allele carriers, attenuating a proinflammatory response. The expression of sialic acids by NTHi likely represents an evolutionary process with the advantage of mimicking sialic acid-based "self-associated molecular patterns" (SAMPs) [48] , which are normally recognized by inhibitory Siglecs such as Siglec-5. The crossrecognition by Siglec-14 (activating counterpart) probably represents an evolutionary response of the host to this evolutionary development in the bacteria. However, in the setting of a chronic disease such as COPD, such a host response may also generate unwanted inflammation, to the detriment of the host. COPD is a multifactorial disease with a complex etiology that is not fully understood. While tobacco smoking plays a fundamental role in COPD pathogenesis in the developed world, confounding factors, some genetic (e.g., deficiency of α1 antitrypsin [11] ) and some nongenetic (e.g., latent adenoviral infection [49] ), are also involved. While many studies on host genetic factors influencing COPD pathogenesis have been conducted, those focusing on COPD exacerbations are relatively scarce. Before our study, genetic polymorphisms in four human genes (i.e., SNPs in MBL2, SFTPB, CCL1 and HHIP) were associated with the risk of COPD exacerbations [16] [17] [18] [19] [20] . Our study adds a new entry, the first non-SNP-type polymorphism, to this very short list. It is the second mammalian lectin (the other being mannose-binding lectin encoded by the MBL2 gene) found to be associated with the risk of COPD exacerbations, pointing to the importance of glycan recognition in the interactions between infectious agents and the immune system.
Excessive inflammatory responses to infectious agents are a putative cause of the sharp decline in pulmonary function and increased mortality during and after COPD exacerbations. At present, corticosteroids are widely used to control the inflammatory response during episodes of COPD exacerbation, but severe side effects limit their utility in long-term therapy. Our findings suggest that the use of Syk inhibitors may be beneficial in mitigating the infection-induced inflammatory response. Although one of the compounds we used (BAY61-3606) is not in clinical development, the other Syk inhibitor (R406; Rigel/AstraZeneca) has entered clinical trials as a candidate drug to treat rheumatoid arthritis [50] . Treatment with a Syk inhibitor might also be relevant in the treatment of nonhemolytic transfusion reactions (including transfusion-related acute lung injury), some of which may be caused by anti-Siglec-14 alloantibody present in transfused blood plasma [51] .
Our finding that patients with wildtype alleles have more severe airflow limitation implies that individuals with a propensity for frequent exacerbations are more prone to a rapid decline in respiratory function. This logic may extend to previous findings regarding the genetic and nongenetic factors involved in COPD pathogenesis. For example, latent adenoviral infection of the respiratory system reportedly contributes to COPD pathogenesis by enhancing the inflammatory response elicited by tobacco smoke [49, 52] . Latent adenoviral infection may increase the frequency and/ or intensity of exacerbations elicited by viral or bacterial infection as well, which may play a role not only in COPD pathogenesis but also in its progression.
Although we initially suspected a link between SIGLEC14 genotype and COPD exacerbations based on the interaction between Siglec-14 and NTHi, Siglec-14 may influence inflammatory responses to other pathogens as well, and its effect on COPD exacerbations may not be limited to that caused by NTHi. For example, Siglec-14 expression on myeloid cells may generally influence the inflammatory response to acute viral infection of the airway and lung epithelia by altering cell activation thresholds, leading to COPD exacerbation [53] .
The correlation between soluble Siglec-14 serum concentration and exacerbation frequency, even after correcting for wildtype allele number, was unexpected. Although it was beyond the scope of this initial work, it would be interesting to pursue a prospective study enrolling more COPD patients to examine potential correlations between Siglec-14 serum concentration and exacerbation frequency, possibly in combination with patient stratification (based on the cause of exacerbations). Such work may provide information regarding the clinical utility of Siglec-14 serum concentration for COPD exacerbation prognosis. It is also important for the mechanism(s) by which myeloid cells release soluble Siglec-14 to be elucidated.
Our study had limitations. Although the number of patients recruited was substantial (n = 135), the patients at our institution are uniform in ethnicity. As the frequency of the SIGLEC14-null allele is higher in Asia than in other regions [28] , our results may be primarily relevant to Asian patients. Second, the follow-up period was limited to 1 year. However, a previous study on COPD pathophysiology showed that patients should be followed for at least 1 year to allow for seasonal effects and accurate estimation of exacerbation frequency [54] . It has also been reported that the frequency with which patients have exacerbations remains relatively stable from year to year [55] .
In summary, we demonstrated that COPD patients who express Siglec-14 suffer more frequent exacerbations than those who do not. This knowledge may be utilized to stratify patient populations for personalized management, such as more intensive monitoring or earlier medical intervention against exacerbations in patients who express Siglec-14. Furthermore, Siglec-14 and its downstream signaling pathway may be promising targets for therapeutic intervention to treat COPD exacerbations and limit disease progression.
